Background: Several novel susceptibility loci for type 2 diabetes have been identified through genome-wide association studies (GWAS) for type 2 diabetes or quantitative traits related to glucose metabolism in European populations. To investigate the association of the 13 new European GWAS-derived susceptibility loci with type 2 diabetes in the Japanese population, we conducted a replication study using 3 independent Japanese case-control studies.
Introduction
Type 2 diabetes is a chronic metabolic disorder characterized by hyperglycemia, variable degrees of insulin resistance, and impaired insulin secretion. The total number of individuals with diabetes mellitus is estimated to be nearly 300 million worldwide, and its prevalence continues to increase in many countries, including Japan. Although the precise mechanisms underlying the development and progression of type 2 diabetes have not been elucidated, it is considered that genetic factors play an important role in the pathogenesis of the disease [1] Currently, approximately 40 susceptibility loci for type 2 diabetes, mostly discovered through genome-wide association studies (GWAS), have been confirmed in populations of European descent ( [2] [3] [4] [5] [6] . Three Japanese GWAS including ours, have identified the association of the potassium voltage-gated channel KQT-like subfamily member 1 (KCNQ1) locus, ubiquitin-conjugating enzyme E2E 2 (UBE2E2) locus and C2 calcium-dependent domain containing 4A (C2CD4A)-C2CD4B locus with type 2 diabetes [7] [8] [9] .
Because many of these loci have also been shown to be associated with type 2 diabetes in other ethnic populations, including Japanese, these loci may be considered convincing susceptibility loci for type 2 diabetes across different ethnicities [10] [11] [12] . Recently, a locus near insulin receptor substrate 1 (IRS1) was identified by GWAS on French patients [13] . Several new loci for type 2 diabetes have been additionally identified through GWAS for quantitative traits related to glucose metabolism, such as fasting plasma glucose (FPG) and 2-hour glucose levels (Meta-Analyses of Glucose and Insulin-related traits Consortium [MAGIC]) [14] [15] [16] [17] [18] . In addition, 12 novel loci for type 2 diabetes have been identified in an expanded meta-analysis of the existing GWAS data (DIAGRAM+) [19] .
In this study, we aim to evaluate the contribution of these new susceptibility loci identified in European GWAS to conferring susceptibility to type 2 diabetes in the Japanese.
Methods

Participants and DNA preparation
We selected 4,964 individuals, 2,839 cases and 2,125 controls, from 3 independent Japanese samples.
RIKEN case-control study (1 st study): DNA samples were obtained from peripheral blood samples of type 2 diabetes patients recruited from the outpatient clinics of the Shiga University of Medical Science and the Kawasaki Medical School (Case 1; n = 1,630, 978 men and 652 women), We also examined 716 controls who were enrolled in an annual health check conducted either at the Juntendo University or the Keio University (Control 1; n = 716, 465 men and 251 women).
Toyama University study (2 nd study): We selected 724 individuals with type 2 diabetes from the outpatient clinic of the Toyama University Hospital (Case 2; n = 724, 451 men and 273 women). We also examined 763 controls with HbA1c,6.0%, age$50, no family history of diabetes mellitus for the first and second degree relatives (Control 2; n = 763, 359 men and 404 women).
St. Marianna University study (3 rd study): We recruited 485 individuals with type 2 diabetes from the outpatient clinic of the St. Marianna University School of Medicine (Case 3; n = 485, 288 men and 197 women). We also examined 646 controls, who were enrolled in an annual health check conducted at the St. Marianna University School of Medicine (Control 3; n = 646, 188 men and 458 women)
The clinical characteristics of the participants are summarized in Table 1 . Diabetes was diagnosed according to the World Health Organization (WHO) criteria [20] . Type 2 diabetes is clinically defined as a disease with gradual adult onset. Subjects who tested positive for anti-glutamic acid decarboxylase (GAD) antibodies and those diagnosed to have mitochondrial disease (mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes [MELAS]) or maturity onset diabetes of young (MODY) were not included in the case patient groups. Written informed consents were obtained from all participants. DNA was extracted using the standard phenol-chloroform procedure. 
Single nucleotide polymorphisms genotyping
We first selected 9 single nucleotide polymorphisms (SNPs) from previous reports, rs2943641 within the locus near the IRS1 [13] , and 8 SNPs from the loci identified through GWAS for quantitative traits related to glucose metabolism (rs10830963 [14, 15] and rs1387153 [16] [17, 18] ). We also examined 11 autosomal SNPs from 11 novel loci for type 2 diabetes recently identified in an expanded meta-analysis of existing GWAS data (rs243021 in the B-cell CLL/lymphoma 11A [BCL11A] locus, rs4457053 in the zinc finger, BED-type containing 3 [ZBED3] locus, rs972283 in the Kruppel-like factor 14 [KLF14] locus, rs896854 in the tumor protein p53 inducible nuclear protein 1 [TP53INP1] locus, rs13292136 in the coiled-coil-helix-coiled-coil-helix domain containing 9 [CHCHD9] locus, rs231362 in the KCNQ1 locus, rs1552224 in the centaurin, delta 2 [CENTD2] locus, rs1531343 in the high mobility group AT-hook 2 [HMGA2] locus, rs7957197 in the 29-59-oligoadenylate synthetase-like [OASL] locus, rs11634397 in the zinc finger, AN1-type domain 6 [ZFAND6] locus, and rs8042680 in the protein regulator of cytokinesis 1 [PRC1] locus) [19] . Among them, 2 SNP loci, rs780094 in the GCKR locus and rs2191349 in the DGKB-TMEM195 locus were shown to be associated with type 2 diabetes in the Japanese [9, 21] , and excluded from the present study.
SNP genotyping was performed by the multiplex-polymerase chain reaction (PCR)-invader assay, as described previously [22] .
Statistical analysis
We performed the Hardy-Weinberg Equilibrium (HWE) test according to the method described by Nielsen et al [23] , and SNPs 
Results
Among the 18 SNPs, 3 (rs11708067, rs2877716 in ADCY5 locus, and rs7957197 in OASL locus) are monoallelic in the Japanese populations. The genotype distributions of rs13292136 in CHCHD9 showed significant deviation from the Hardy-Weinberg equilibrium proportion in the control group (P,0.01, Table S1 ). Therefore, we removed these 4 SNPs from the association study.
Then, we examined the association of 14 SNPs within the 13 loci with type 2 diabetes in 3 independent Japanese case-control studies (2,839 cases and 2,125 controls). As shown in Table 2 , all 13 loci had the same direction of effect (odds ratio .1.0) with those identified in European studies (P = 0.0001, binomial test). Five SNPs, rs10830963 in the MTNR1B locus, rs2943641 in the IRS1 locus, rs972283 in the KLF14 locus, rs231362 in the KCNQ1 locus, and rs11634397 in the ZFAND6 locus, had nominal association with type 2 diabetes in the present Japanese samples (P,0.05, Table 2 and Table S2 ), but these associations were not remained significant after Bonferroni's correction. When we combined the present results with those in the previously performed Japanese GWAS data (4,470 cases vs. 3,071 controls), 11 out of 13 loci showed directionally consistent association with those in the European populations (P = 0.01, binomial test), and the association of rs2943641 attained statistically significant levels, whereas rs11634397 in ZFAND6 were no longer associated with the disease.
We further examined the association of each SNP with glycemic parameters, HOMA-IR, HOMA-b, and FPG using control samples of the 1 st and 2 nd study ( Table 3 ). In this analysis, the reported type 2 diabetes risk alleles for rs1387153 and rs10830963 in the MTNR1B locus had significant association with reduced beta-cell function or increased FPG as reported previously. Further, the risk allele of rs1531343 in the HMGA2 locus was significantly associated with increased FPG.
Discussion
In the present study, we examined 14 SNPs within 13 susceptibility loci for type 2 diabetes in 3 independent Japanese samples, and identified that rs2943641 near IRS1 was significantly associated with type 2 diabetes when we combined the present data with those in the previous Japanese GWAS data.
GWAS conducted in European and East Asian populations have revealed multiple risk-associated loci for type 2 diabetes, and some of them have been confirmed and shown to be common across different ethnic groups [24] .
In this study, we identified a significant association of rs2943641 near IRS1 locus, with type 2 diabetes in the Japanese population. The risk allele (C) was consistent with that of a previous study in European populations [13] , suggesting this locus is a common susceptibility locus for type 2 diabetes across different ethnic groups. We further identified nominal associations of 3 SNPs with type 2 diabetes in the Japanese population. The risk alleles of these SNPs were consistent with those identified in a European study, suggesting that these 3 SNPs were also good candidates for association with type 2 diabetes in the Japanese. Moreover, most of 13 loci showed directionally consistent association with the previous report; therefore, there are several possibilities for the lack of replication. Regarding ethnic differences, there are moderate heterogeneity in effect size for 4 loci, rs730497, rs340874, rs243021 and rs11634397 (50,I 2 ,80), whereas no heterogeneity in effect size (odds ratio) was observed on the remaining loci (data not shown). We could not observe remarkable differences in LD structures around each locus between Japanese and European populations ( Figure S1 ). Therefore a lack of replication for most loci might be explained by the insufficient power of the present study (5-63% for the present 3 studies, 5-95% for the 3 studies + previous GWAS samples if we set a cut-off value at P = 0.05 and the prevalence of type 2 diabetes is assumed to be 10%, Table S3 ).
The analyses of quantitative traits related to glucose metabolism revealed that SNPs in the MTNR1B locus were significantly associated with decreased beta-cell function or increased FPG as reported previously (Table 3 ). In this analysis, we also found that HMGA2 locus was significantly associated with increased FPG in these samples, suggesting that SNPs in the MTNR1B or the HMGA2 loci confer susceptibility to type 2 diabetes in Japanese populations. In addition, risk allele of rs2943641 near IRS1 tended to be associated with increase in HOMA-IR as reported previously, further confirming the contribution of this locus with susceptibility to type 2 diabetes in the Japanese.
Limitations
The present study has some limitations. First, the present sample size is not sufficiently large to detect true associations for some loci as described above. Second, control subjects in the 1 st and 3 rd study are younger than type 2 diabetes patients. Although, results were not affected by adjusting age, these limitations may increase the possibility for type 2 error.
In conclusion, these results indicate that the IRS1 locus is considered common locus involved in susceptibility to type 2 diabetes across different ethnic groups. Three loci-MTNR1B, KLF14, and KCNQ1 (independent locus from a locus identified in Japanese GWAS)-may also have some effects. Further studies are required to elucidate the association of these as well as other loci with susceptibility to type 2 diabetes, and to understand the biological significance of these genes and their polymorphisms. 
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